Core loss behavior in high frequency high power transformers-I: Effect of core topology J. Renewable Sustainable Energy 4, 033112 (2012) A divide and conquer real-space approach for all-electron molecular electrostatic potentials and interaction energies J. Chem. Phys. 136, 214104 (2012) The design and analysis of beam-membrane structure sensors for micro-pressure measurement Rev. Sci. Instrum. 83, 045003 (2012) Nanoscale temperature sensing using the Seebeck effect J. Appl. Phys. 111, 084306 (2012) Study of second generation, high-temperature superconducting coils: Determination of critical current J. Appl. Phys. 111, 083902 (2012) Additional information on J. Appl. Phys. This paper presents an experimental and numerical study of low frequency sound propagation in regular urban areas, under the assumption of a periodic distribution of buildings. Although the radiation losses above the urban canyons are generally significant, our results show that the effects of the periodicity still occur. Band diagrams are notably characterized, both numerically and experimentally, to investigate the effect of the radiation above the periodic structure. The problem is tackled using a coupled modal-finite elements method. The main idea is to turn the original unbounded domain into an equivalent waveguiding structure, with PML bounding the originally open region. The experimental study is performed in a scale model of urban area. Numerical and experimental results on both the band diagrams and the wavefield propagating through the lattice are in good agreement.
I. INTRODUCTION
As a response to a growing social demand, the improvement of urban sound environment has become an important issue, arousing extensive researches in the last two decades. 1 Noise maps, that are now usual to determine and visualize the noise impact on the environment, necessitate a comprehensive modeling of the sound propagation in urban areas. Therefore, authors attempted to investigate the urban sound propagation, paying attention to the complexity of such a medium: irregular fades, interconnections with adjacent canyons, and large variety of materials and boundary conditions. Moreover, a predominant characteristic of the urban environment is the opening to the sky and the large radiative losses it induces.
If a large part of the papers concerns the propagation in a single urban canyon, [2] [3] [4] few authors attempted to model the wave propagation in parallel or intersecting streets, [5] [6] [7] [8] [9] [10] [11] or in larger urban areas, [12] [13] [14] [15] but often limited to 2D geometries. In styling 3D extended distributions of buildings, the assumption of a periodic distribution is convenient to model the acoustic field, as much as it describes reasonably well some real situations. Doing this, it is possible to investigate the propagation through a large built area, while taking into account rigorously the three-dimensional characteristics of the problem, as the radiation above the streets.
Periodic media are known to exhibit peculiar properties (bandgaps, strong dispersion, anisotropy, and negative refraction) and have attracted a great deal of interest in electromagnetics and optics 16, 17 as, more recently, for acoustic and elastic waves. [18] [19] [20] [21] [22] [23] By assuming a periodic distribution of buildings in modeling the sound propagation in an urban environment, one may thus expect specific properties of periodic media to occur.
However, would these properties remain in the case (a lattice of open urban cayons) where important radiative losses are generally observed? This is the aim of the present work to investigate the competitive effects of the periodicity and the wave radiation.
In this paper, we investigate both experimentally and numerically the specific properties of open periodic lattices, in particular, the presence of bandgaps. The experimental study is made using a 9 Â 26 wooden cuboids lattice, the upper side of which is open. Using as a source a parametric antenna 24 that produces a directive plane wave in the audible frequency range, the transfer function of the lattice is measured. The numerical characterization of the open lattice is based on a FE-modal formulation of the wave propagation within open waveguiding structures, recently developed for the study of irregular canyons. 25 It basically consists in a finite element (FE) discretization of the problem in the transverse section of the waveguide (the street) with the open side artificially closed by perfectly matched layers (PML (Ref. 26)), and a multimodal formulation of the propagation in the longitudinal direction.
The paper is organized as follows. Section II shows the experimental device used in this work. Section III outlines the application of the modal-FE method to the study of periodic lattices. Two kinds of problems are treated: an infinite periodic lattice along one of the horizontal directions and an infinite periodic lattice along the two horizontal directions. In this section, some common issues on leaky modes and PML modes are discussed. Experimental and numerical results are presented in Sec. IV. The effect of the opening is evaluated by comparing the open lattice with an identical one, closed at the top with a rigid boundary. In the sequel, the open lattice is called OL and the closed one is called CL.
II. EXPERIMENTAL SETUP A. Scale model of the urban area
The experimental device is shown in the Figure 1 . Experiments are carried out in a semi-anechoic room. Walls are coated with a melamine foam, effective from 1 kHz onwards. The studied lattice is composed of 9 Â 26 rectangular wooden cuboids with spatial periods D x ¼ D y ¼ 7:5 cm and obstacles dimensions l x Â l y Â h ¼ 5 Â 5 Â 15 cm. Thus, the lattice has a total surface of 0:67 Â 1:95 m 2 and the filling fraction is ff ¼ 44%. A screen is placed above the first row to avoid direct sound propagation from the source to the back of the 0021-8979/2012/111(11)/114906/9/$30.00
V C 2012 American Institute of Physics 111, 114906-1 lattice, which could distort the measurements. The CL is obtained by covering the OL with a wooden board, as indicated by the dashed rectangle in the Fig. 1 .
B. Sound source
The lattice is excited using a parametric antenna model HSS (HyperSound Audio System), product from the American Technology Corporation. From an input signal at frequency f s , the source emits separately two high amplitude ultrasonic waves at frequencies f 1 and f 2 , related by f 2 ¼ f 1 þ f s , with f 1 ¼ 47 kHz. Then, due to non-linear interactions, new spectral components appear, among which are
Because of the increase of attenuation with frequency, the difference frequency component f s ¼ f 2 À f 1 is predominant far from the source, while keeping the ultrasound properties. Thus, this device is able to deliver ultra-directive plane waves in the audible frequency range. Fig. 2 shows the radiated field, measured at f s ¼ 1:6 kHz. The figure shows high frequency components in the near field, which vanishes approximately 1 m away from the source. Beyond this distance, only the difference frequency f s remains, and it can be observed that wavefronts become plane.
Experiments have been performed by placing the antenna at 1.75 m from the lattice, and the source signal is a sweep sine from 1 to 8.3 kHz. To fix ideas, this would correspond to a few tens of a Hertz at "urban" scale. For instance, if the laboratory experiment corresponds to 1:100 scale, the frequency range at full scale would be 10 to 83 Hz. Such low frequency waves can be practically measured in urban environments as being produced by either heavy industrial machineries, intense impulse noise, or, for a part, the traffic noise, 8, 27 and they may propagate on long distances, compared with higher frequency waves.
C. Data acquisition
The acoustic pressure is measured using 1=2 in. microphones (B&K 4190), connected to a preamplifier (B&K 2669) and a conditioning amplifier (B&K Nexus 2669). Additionally, signals are lowpass filtered up to 20 kHz to eliminate any remaining high frequency component emitted by the source.
With the aim of detecting the bandgaps and passbands of the lattice, the transfer function between the output and the input pressures is measured. This parameter is determined by taking the averaged value of pressure at 5 output points, designed by M 01 to M 05 in Fig. 1 . The input pressure is measured at the position denoted by M in in the same figure. A single input point was found to be representative enough.
Wave field maps above the lattice have also been measured. In that case, the microphone position on a grid of measurement points is accurately controlled by a 3D robotic system. The spatial step is fixed to 20 points per wavelength. The acquisition of the acoustic pressure is performed using a sampling frequency f e ¼ 20f s (20 samples per period) during a time length T e ¼ N e =f e , where N e ¼ 2000 (100 periods) is the number of samples. The RMS value of acoustic pressure is estimated by a least mean square method to determine the mean value, the amplitude, and the phase of the signal.
III. MODELING OF PERIODIC LATTICES USING THE MODAL-FE METHOD
A. The infinite periodic lattice along y Consider the domain represented in Fig. 3(a) . It consists in a finite series of periodic rows of rectangular cuboids, disposed along the y-direction. All the rows have the same spatial period D y . The obstacles size and the distance between rows are arbitrary along the x-direction. X represents the whole domain and C designs the boundaries (obstacles and ground), which are assumed to be perfectly reflecting. To our purposes, the domain is closed at the top with a PML. Next, assuming an harmonic plane wave excitation, the Floquet-Bloch theorem imposes the following condition to the pressure field pðx; y; zÞ: pðx; y þ mD y ; zÞ ¼ exp jmksinðhÞD y pðx; y; zÞ;
with m 2 Z, k the wavenumber, and h the angle of incidence with respect to the xÀ axis. From Eq. (1), X can be reduced to the equivalent domain X e , shown in the Fig. 3(b) . This domain can be regarded as a piecewise constant waveguide, delimited at both sides by periodic boundaries C L and C R and at the top by the PML. This waveguide contains N s straight segments with lengths L ðiÞ , i ¼ 1; :::; N s , and two different cross-sections S 1 and S 2 .
The problem in X e is written as ðD s þ k 2 Þpðx; y; zÞ ¼ 0; 8ðx; y; zÞ 2 X e ; @ n pðx; y; zÞ ¼ 0; 8ðx; y; zÞ 2 C; pðx; y 2 C R ; zÞ ¼ l y pðx; y 2 C L ; zÞ; @ n pðx; y 2 C R ; zÞ ¼ Àl y @ n pðx; y 2 C L ; zÞ;
where @ n denotes the outward normal derivative with respect to the boundaries, l y ¼ expðjksinðhÞD y Þ is the phase-shift imposed by the Floquet-Bloch theorem, and D s defined as
denotes the modified Laplacian operator which takes into account the PML. The coefficient s of the PML is given by s ¼ A expðjbÞ; inside the PML; 1; elsewhere;
with A > 0 and 0 < b < p=2. The transverse problem is discretized using the FEM, and Eq. (2) are transformed into the matricial formP
where the n-th component ofPðxÞ is the value of pðx; y; zÞ at the node n and at the coordinate x: P n ðxÞ ¼ pðx; y n ; z n Þ; n ¼ 1; 2; :::; N, N being the number of nodes. The symbol 00 represents the second derivative with respect to x, and K p ; M p are, respectively, the stiffness and mass matrices, resulting from the FEM discretization of the transverse differential operators (see Appendix A).
In each straight segment, a general solution of Eq. (5) can be found as a function of the eigenvalues a 2 n and eigenvectorsŨ n of the matrix M
where U ¼ ½Ũ 1 ;Ũ 2 ; :::;Ũ N is the eigenvectors matrix, DðxÞ is a diagonal matrix such that D nn ¼ expðjk xn xÞ, with k xn ¼ ðk 2 À a 2 n Þ 1=2 the propagation constants, and vectorsC 1 ,C 2 contain the unknowns modal amplitudes for forward and backward waves, respectively, which depend on the conditions at the extremities of the segments. To find these coefficients, the mode-matching method is used. The continuity equations for pressure and normal velocity are established at the waveguide discontinuities. Then, an output condition is defined by an admittance matrix Y, fulfillingŨ ¼ YP, with U the x-component of the particle velocity on the basis of the interpolating polynomials used for the FEM computation. Later, using the continuity equations, the input and output admittance matrices of each straight segment are computed, step-by-step, from the output to the input segment. Finally, from a source condition, the wave field can be obtained at any point within the domain. [28] [29] [30] B. The infinite periodic lattice along x and y An infinite periodic lattice along x and y is now considered. A similar process as described in Duclos et al. 22 is used to find the Bloch wavenumers k B . The application of the Floquet-Bloch theorem in both directions allows to reduce the domain to its unit cell represented in the Fig. 4 . Then, using the mode-matching method, the scattering matrix S of the unit cell, relating incident and scattered waves at the extremities, is obtained as
where S takes the form
T and R being the transmission and reflection matrices, respectively. Additionally, the periodicity in the x-direction imposes the following condition to the amplitude coefficients:
with l x ¼ expðjk B D x Þ. Then, the combination of Eqs. (7) and (9) leads to the generalized eigenproblem
with ½0 the zero matrix and I the identity matrix. Finally, the eigenvalues l x of this problem give the Floquet-Bloch wavenumbers k B and the associated eigenvectors ðC a ;C d Þ contain the amplitude coefficients allowing to compute the wave field for each mode.
C. Modeling of closed lattices
Using the techniques described in Secs. III A and III B, the CL is modelled by replacing the PML termination at the top by a rigid boundary and considering s ¼ 1 in the entire domain to obtain the classical Helmholtz equation.
D. On leaky modes and PML modes
When considering the CL, bandgaps, and propagative bands are represented by the solutions l x such that Imfk B g 6 ¼ 0 and Imfk B g ¼ 0, respectively. In contrast, for the OL, all wavenumbers k B are complex because of the radiation losses above the lattice. Such solutions represent the socalled leaky modes, modes that are partly propagated through the lattice and partly radiated towards the upper part (the Fig. 5(b) shows an example). A criterion for discriminate between bandgaps and propagative bands for the leaky modes can be defined by a threshold value g 0 of the loss factor
from which a given solution can be considered, either propagative gðk B Þ < g 0 or evanescent gðk B Þ > g 0 . Additionally, with the introduction of PML, arises "PML" modes. 31, 32 These modes, strongly localized in the artificial absorbing layer (Fig. 5(b) ), must be deleted, since they do not represent solutions of the original problem. Indeed, they are unphysical solutions of the equivalent PML problem. A useful criterion to separate PML modes and leaky modes was proposed by Shi et al., 31 based on the ratio E of the energy stored inside the PML volume V PML to the energy stored in the total volume V tot of the unit cell From Figs. 5(a) and 5(b), one should expect the ratio E to be close to zero for the leaky modes and much more important for the undesired PML modes. The main drawback of such criterion is that E must be computed for each solution of Eq. (10), which considerably increases the computation time. However, a straightforward way to identify the PML modes comes from the fact that they mainly propagate in the free space above the periodic domain. As a consequence, they are almost independent of the geometry below them. Inversely, this does not happen with the leaky modes, whose behaviour is strongly related to the geometry of the periodic lattice. Then, for a given angle of incidence h, the wavenumbers of PML modes lie close to a line defined by k ¼ k x =cosðhÞ, called sound line and representing the dispersion relation of a plane wave propagating in the free space. This is illustrated by Fig. 5(c) , where an arbitrary example of the dispersion relation of leaky and PML modes with normal incidence ðh ¼ 0Þ is represented. It is observed that the PML solutions matches the sound line, while the leaky mode dispersion relation is bended, influenced by the geometry of the periodic medium.
Note that the sound line is analogous to the light line for electromagnetic waves. 31, 33 This line can be regarded as the transition between evanescent and propagative leaky modes: assuming normal incidence (k y ¼ 0) and considering only the real part of k B , the dispersion relation is approximated by
From this relation, it is deduced that, for modes above the sound line ðRefk B g < kÞ, the vertical component k z of the wave vector is real. In other words, these modes are directed vertically, so radiated above the lattice. Modes coinciding with the sound line ðRefk B g ¼ kÞ represent waves propagating parallel to the horizontal plane and travelling at the speed of sound in free space. Finally, modes bellow the sound line ðRefk B g > kÞ becomes evanescent along z and propagates along the x-direction with slight radiation losses defined by the imaginary part of k B .
IV. RESULTS

A. Evaluation of the periodicity effects: Bandgaps in the lattice
Figs. 6(b) and 6(e) show the band structure in normal incidence for the CL and OL, respectively. For the later case, the threshold loss factor g 0 is adjusted to g 0 ¼ 0:1 to filter the evanescent modes, and PML solutions has been eliminated.
In these figures, labels "mode " denote the number of horizontal nodal lines of the mode: "mode 0" indicates 0 nodal lines; "mode 1," 1 nodal line, and so on. Figs. 6(c) and 6(f) show the shape of modes 0, 1, and 2 at a given frequency for the CL and the OL, respectively (note that the shape of this modes varies with frequency, although it keeps the same number of horizontal nodal lines). For the CL, the cutoff frequencies of these modes can be obtained by solving the 1D Helmholtz problem along z with rigid boundary conditions. They are given by Fig. 6(b) . For the OL, the cutoff frequencies of modes 0, 1, and 2 are determined by the sound line, represented by the oblique dashed line in Fig. 6(e) .
Since, with the present configuration, the source impinges uniformly on the input cross-section of the lattices, one should expect that only the mode 0 will be excited. Simulated results are compared to the experimental transfer functions shown in the Figs. 6(a) and 6(d). The curves for the OL and CL are quite similar. They also show four bandgaps, which are in good agreement with the computed band structures. Nevertheless, some differences in amplitude are visible. For instance, it can be observed that the first 3 bandgaps are more attenuated in the OL, while the fourth bandgap is more attenuated in the CL. This could be the result of a weak excitation of higher order modes, which could vary from one lattice to another. Comparing theoretical and experimental results, one observes that the measured bandgaps are in general wider, surely due to the inherent weak disorder and finite dimensions of the experimental lattice. Other dissipative effects, as the absorption of wood, may also play a role.
Regarding only the first mode, it can be concluded that the main factor governing the behaviour of this mode is the periodicity in the horizontal directions, while the condition at the top (closed or open) seems not to be relevant. In contrast, this does not happen with the higher order modes. Taking them into account, the presence of propagative modes is much more pronounced in the case of the CL. That seems logical, since it is a lossless medium. However, an unexpected behaviour occurs in the frequency band 3.85À4 kHz. The Fig. 7(b) shows a zoom in this region of the band structure. It is observed that no propagative modes exist in the CL, while the mode 2 arises in the OL. To observe this phenomenon experimentally, the setup needs to be slightly modified. As mentioned before, with the present configuration, only the plane mode is supposed to be excited. In order to excite higher order modes, a bar of height 5 cm has been placed in front of the lattice (see Fig. 7(a) ). With this configuration, the excitation is not plane anymore in the vertical direction z, so higher order modes are expected to be excited. The transfer functions are measured again in the frequency band 3:7 À 4:3 kHz, as shown in the Fig. 7(c) . The curve of the CL shows a gap in the region 3:85 À 4 kHz, while the curve of the OL exhibits a slight bump, which agrees with the theoretical results.
The relevant point of this result is that the opening at the top can lead, at some frequencies, to a better propagation of waves, rather than their mitigation.
B. Pressure fields
The wave field in the horizontal plane 1 cm above the lattice, at 2 kHz, has been measured ( Fig. 8(a) ) and compared with the numerical field ( Fig. 8(b) ), computed with the technique explained in Sec. III A. The field is computed for a single period D y , then repeated 6 times to give an overall result. As the excitation frequency is located in the first bandgap, fields exhibit a decay along the x-direction. Differences between the pressure fields are observed, which surely come from the non-uniformity of the experimental input signal, unlike the numerical excitation that equally extends over the y-direction. Also, the finite size and slight disorder of the experimental lattice may play a role. Despite the differences, both results seem to describe a similar global decay along x. To corroborate this, the mean value of pressure along the y-direction vs. x has been computed. Results are compared in the Fig. 8(c) . Globally, both curves show a similar behaviour. Discrepancies are observed before the distance 0.3 m, where the position of the theoretical lobes is shifted and their amplitude varies significantly with respect to the experimental curve. The agreement is better from 0.3 m onwards.
V. CONCLUDING REMARKS
Open periodic lattices, of which a numerical and experimental study has been presented in this paper, can be regarded as idealized models of regular urban areas. By comparison of an open, two-dimensional, lattice with a more classical, closed, lattice, it has been shown that the band structure for the first propagating mode remains qualitatively the same when opening the upper part of the lattice. The measured transfer functions also are very similar in both cases. Thus, for a study involving only the first mode, the problem could be simplified to a 2D geometry by eliminating the vertical coordinate. In contrast, significant differences between the closed and the open lattice appear when higher order modes are included in the study. As it seems logical, the closed lattice exhibits a more pronounced presence of propagative modes. However, results have shown that this behaviour can be inverted at some frequencies. Unexpectedly, it is possible to find propagative bands in the open lattice that become evanescent in the closed one.
Compared with experiments, the modal-FE method predicts well the wave propagation in such domains. Although the present study is limited to an idealized geometry with normal incidence, the application to more complex and realistic building shapes as well as arbitrary angles of incidence is straightforward (see Refs. 11 and 25). Thus, this method can be used in future for a comprehensive evaluation of the influence of the urban morphology in low frequency sound propagation in urban areas.
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APPENDIX A: FEM COMPUTATION OF THE TRANSVERSE PERIODIC EIGENMODES
The aim of this section is to find the eigenfunctions and eigenvalues of the different cross-sections S 1 ; :::; S 4 , shown in Figure 9 . For each section, the eigenproblem is written as with the set of boundary conditions @ n /ðy; zÞ ¼ 0; 8ðy; zÞ 2 C; /ðy 2 C R ; zÞ ¼ l y /ðy 2 C L ; zÞ; @ n /ðy 2 C R ; zÞ ¼ Àl y @ n /ðy 2 C L ; zÞ;
where a; C; C L , and C R respectively denotes the in-plane wavenumber, perfectly reflecting boundaries, left and right periodic boundaries. For sections S 1 or S 2 , the parameter s is defined by Eq. (4), while for sections S 3 or S 4 , s ¼ 1 in the entire cross-section. The problem is discretized using linear triangular elements. The mesh generated satisfies two conditions: first, in order to fulfill the periodicity, nodes on C R and C L must be symmetrical with respect to the vertical axis of symmetry. Second, for a simplicity matter, the modal-FE method imposes an identical mesh in the matching section S 1 \ S 2 for the OL, or S 3 \ S 4 for the CL. 25 Then, the field /ðy; zÞ is developed on the basis of the interpolating polynomials w n ðy; zÞ as 
The vectorũ is the contribution of the normal velocity at boundaries, which terms u n is given by
with
, it is deduced that this terms are equal to zero for all nodes except for those belonging to the periodic boundaries, u n 6 ¼ 0; over C L and C R u n ¼ 0; elsewhere:
For the section S 4 , completely bounded by rigid walls, one hasũ ¼0 and the eigenmodes are found as the eigenvalues and eigenvectors of the matrix M À1 K (see Eq. (A4)). For the rest, a similar technique as Allard et al. 34 to satisfy the periodic boundary conditions is used. To turn the notation on a more compact form, the matrix D ¼ K À a 2 M is defined and Eq. (A4) is rewritten as
Following, the problem is arranged so that nodes belonging to C L (subscript L) appear first, followed by the internal ones (respectively I), and finally by those belonging to C R (respectively R). The reordered problem is written as
From Eqs. (A3) and (A7), the two last conditions of Eq. (A2) can be traduced by the vectorial expressions
Next, introducing Eq. (A10) into Eq. (A9) and eliminating U R (orŨ L ) leads to the following eigenproblem for the remaining unknownsŨ L (orŨ R ) andŨ I :
The eigenmodes are given by the eigenvalues a 2 n and eigenvectors ðŨ L ;Ũ I Þ of the matrix M À1 p K p . Note that eliminated unknownsŨ R are straightforwardly given from relations (A10).
